Introduction
For many decades, scientific studies and research have focused on functional foods and extracting the components from them that are responsible for their nutraceutical activity (Choksi and Joshi 2007) . An example of these components is lycopene. Lycopene, a carotenoid largely present in tomato and tomatoderived products, is the main component responsible for the typical red colour of tomatoes (Fernandez-Ruiz et al. 2010 , Ciurlia et al. 2009 , Barba et al. 2006 .
Lycopene is an acyclic, open chain, unsaturated carotenoid having 13 double bonds, of which 11 are conjugated, arranged in a linear array, and has a molecular formula of C40H56 (Fernandez-Ruiz et al. 2010 , Egydio et al. 2010 ) with molecular weight of 537 (Choudhary et al. 2009 ).
Lycopene and other carotenoids are found mostly in the outer pericarp with tomato skin containing 12 mg lycopene/100 g skin (wet basis) while whole mature tomato contains only 3.4 mg lycopene/ 100 g (wet basis) (Saldana et al. 2010) . The industrial processing of tomato products produces lots of wastes, even though it is a potential source for carotenoid as lycopene, carotene). Ripe tomatoes are most abundant source of lycopene with over 90% concentrated in the skin, which constitutes the greater part of the waste (Kassama et al. 2008) .
Lycopene is one of the best biological suppressants of free radicals, especially those derived from oxygen (Monteiro et al. 2009 ). It has the highest singlet oxygen-quenching rate of all carotenoids in biological systems (Choudhari and Singhal 2008) . It has received a great deal of attention as an effective antioxidant that can play an important role in reducing the risk of several chronic diseases (Rao 2006 , Agarwal and Rao 2000 , Arab and Steck 2000 , Giovannucci et al. 2002 , Rao and Rao 2004 , Stahl and Sies 1996 . Recent epidemiological studies revealed that the intake of tomatoes and blood lycopene level are inversely associated with the risk of some diseases (Davis et al. 2003) , especially developing cancers of several anatomical sites including the prostate gland, stomach, and lung (Periago et al. 2007, Choudhari and Anathanarayan, 2007) . Also, there is growing evidence that lycopene reduces the risk of prostate cancer and the US Food and Drug Administration has allowed a qualified health claim for lycopene (Saldana et al. 2010 , Cortes et al. 2009 ).
The main problem in obtaining lycopene is its solubility and stability; it is insoluble in water but soluble in highly toxic organic solvents, such as benzene, chloroform, metylene chloride and decomposes easily during the time. In order to overcome these difficulties and obtain lycopene without traces of organic solvents scientists have considered the use of supercritical fluid extraction (SFE) technique (Vasapollo et al. 2004, Choudhari and Singhal 2008) . The use of more friendly solvents can improve lycopene extraction process for human consumption. One candidate is supercritical CO2 (SC-CO2), that is readily available, low cost, nonflammable and a safe solvent (Egydio et al. 2010) . Supercritical fluid extraction is an advanced separation technique based which using the solvating power of fluids above their super critical point. One of the most frequently used supercritical fluids is carbon dioxide. The large molecular weight is known to inhibit solubility in supercritical CO2 (Shi et al. 2009a ).
There are several researchers dealing with supercritical fluid extraction of lycopene from tomato juice, seeds, pulp, skin and whole tomato. Extraction of lycopene from tomatoes by supercritical CO2 fluid shows promise for less isomerization and decomposition (Shi et al. 2009b) . CO2 is neither toxic nor flammable and exhibits high selectivity as a result of low viscosity, high diffusivity and liquid-like density (Yi et al. 2009 , Vagi et al. 2007 . It also has a critical temperature (Tc= 304.1 °K) that makes it suitable for the extraction of many natural products under mild conditions. However CO2 lacks polarity and the ability to form specific solvent-solute interaction. The addition of a small amount of polar solvent for a modifier role, such as water, ethanol, methylene chloride, and hexane, can greatly enhance its solvent power (Shi et al. 2009b) .
In this study, we aimed to determine the optimum process conditions to obtain lycopene from tomato and tomato products by SFE technique with reviewing the studies of various researches.
SFE of Lycopene from Tomato and Tomato Products

Pre-extraction
It was observed during review studies that researches should be careful in specifying methods and process parameters during sample preparation before extraction process by considering the factors, which may affect occurrence of various chemical changes in its structure, in addition to the factors, which affect lycopene recovery.
Raising dry material content of the samples before the extraction process is important. General application in the use of samples like tomato pulp and tomato juice, intended for this purpose, employed centrifuging and then, decantation of supernatant (Lenucci et al. 2010 , Huang et al. 2008 while tomato skin and industrial tomato waste were dried generally. Most popular method for this purpose was freeze-dryer (Blanch et al. 2007 , Shi et al. 2009a , Saldana et al. 2010 , Gomez-Prieto et al. 2003 , Lenucci et al. 2010 however, other methods like drying with sunlight or at room temperature (Vasapollo et al. 2004 , Ollanketo et al. 2001 , Ciurlia et al. 2009 , Baysal et al. 2000 , drying under vacuum (Sabio et al. 2003) , drying in oven (Nobre et al. 2009 ), and drying with warm air (air-drier) (Cadoni et al. 2000) were used. Targeted humidity ratio with drying process ranged between 0.8% and 10.6% while this value was approximately 5.8%. In some studies, samples were dipped into sodium metabisulfite in sun drying method for preservation (Baysal et al. 2000) ; however, this was not a frequently encountered application.
Particle size was generally made smaller after drying through various methods. Particle size was generally reduced below 2 mm while most frequently used particle size with this system was 1 mm and below (Ciurlia et al. 2009 , Shi et al., 2009a , Kassama et al. 2008 , Yi et al. 2009 , Saldana et al. 2010 , Vasapollo et al. 2004 , Nobre et al. 2009 , Sabio et al. 2003 , Vagi et al. 2007 ). The smallest size was found as 0.3 mm (Vagi et al. 2007 ) while the biggest size was found as above 3 mm (>3 mm) (Baysal et al. 2000) .
Positive effect of grinding samples before the extraction on the extraction yield was determined (Baysal et al. 2000 , Nobre et al. 2009 ), and various parameters are recommended like reducing particle size to 0.5 mm (Lenucci et al. 2010 ), 1 mm (Vasapollo et al. 2004) , and 0.3 mm (Vagi et al. 2007 ). General application for reducing this size may be set out as below 2 mm considering type of samples and pregrinding operations. It was reported in some studies that sieving operation was carried out after size reduction operation (Saldana et al. 2010 , Sabio et al. 2003 ; however, in general, extraction process took place directly or the samples were stored until this process. Nitrogen may be used in packaging and storage of the samples to be stored (Nobre et al. 2009 , Blanch et al. 2007 , Gomez-Prieto et al. 2003 . The factors, which should be considered in packaging and storage of the samples, include presence of heat, light and O2 while storage conditions at the level of <(-18°C) are generally preferred.
SFE Applications
Effects of process parameters, especially extraction temperature, extraction pressure, and the use and amount of co-solvent or modifier, on lycopene recovery rate and amount as well as nature and functional features of lycopene in the studies on lycopene recovery from tomato, tomato products and tomato industry's by-products through SFE method by using SC-CO2 were reviewed. Data about optimum extraction conditions described in various studies are seen in Table 1 which was prepared as a result of reviewing described above. In assessing lycopene amount, the degree to which lycopene could be extracted from samples was considered mostly while assessments were made via the obtained lycopene amount. The criteria taken under consideration in assessing nature and functional features of lycopene are trans-cis isomerization, antioxidant activity and stability in frequency order.
Extraction Temperature
Optimum extraction temperature varies within a wide range like 50-110°C in the studies included in this review; however, most frequently reported value is 80°C for optimum parameter (Egydio et al. 2010 , Cadoni et al. 2000 , Sabio et al. 2003 , Vagi et al. 2007 ). Any correlation with this value and characteristic of type of sample could not be found. Number of studies specifying temperature values above 80°C as an optimum process parameter is restricted (Topal et al. 2006 , Yi et al. 2009 , Ollanketo et al. 2001 , Rozzi et al. 2002 . Effect of the relation between high temperature application and antioxidant activity as well as stability on this issue is clear and understandable. It was highlighted at the end of many studies that an increase in extraction temperature increased lycopene yield (Yi et al. 2009 , Egydio et al. 2010 , Cadoni et al. 2000 , Huang et al. 2008 , Kassama et al. 2008 , Rozzi et al. 2002 , Baysal et al. 2000 . In some of these studies, effect of this effect along with pressure was highlighted. Different opinions take place about optimum extraction temperature. These opinions are based on the targeted results in the conducted study, and this value is generally reported as above 80°C in studies considering only lycopene amount (Ollanketo et al. 2001) while it generally ranges between 57°C and 80°C in the studies considering thermal degradation of lycopene. Type of the material to be extracted and pre-treatments as well as extraction pressure should be taken into account in examining and specifying the optimum value. However, the factors like the increase in thermal degradation risk as a result of an increase in extraction temperature (Baysal et al. 2000) , and an increase in solubility of lycopene depending on needle-like structure and dispersion in tomato tissues as a result of increased temperature (Cadoni et al. 2000) are the factors, which should be noticed in any case.
Extraction Pressure and Time
Increases in extraction pressure increase yield in lycopene recovery (Nobre et al. 2009 , Yi et al. 2009 Lenucci et al. 2010 , Huang et al. 2008 , Rozzi et al. 2002 , Baysal et al. 2000 while applications employing pressure values ranging between 200 and 450 bar produce optimum results depending on other process parameters, especially extraction temperature, and/or type and features of product. Optimum pressure parameter in lycopene recovery through SFE method are generally reported between 300 and 400 bar; however, especially 400 bar was set out as the optimum process parameter with different extraction temperatures ranging between 40°C and 100°C (Ciurlia et al. 2009 , Topal et al. 2006 , Huang et al. 2008 , Yi et al. 2009 , Saldana et al. 2010 . Optimum extraction time ranges between 0.5 and 8.0 hours while it was found that this parameter is related to type of equipment and flow rate of CO2.
Co-solvent or Modifier Application
Co-solvent or modifier application was carried out in approximately 50% of the studies under the present review. From the point of view of effectiveness of extraction, ethanol is the mostly used solvent among optimum process parameters with the usage rate ranging between 5.0% and 16.0% (Baysal et al. 2000 , Saldana et al. 2010 , Kassama et al. 2008 , Shi et al. 2009a ) while organic solvents like chloroform (Cadoni et al. 2000) , tetrahydrofuran (Ciurlia et al. 2009 ), and acetone (Ollanketo et al. 2001 ) as well as vegetable oils like olive oil (Shi et al. 2009a ), canola oil (Saldana et al. 2010 ) and hazelnut oil (Vassapollo et al. 2004) were employed for this purpose. However, general opinion is that an increase in the ratio of modifier or co-solvent increases yield (Shi et al. 2009a) , and various optimum ratios and types, for this purpose, were reported like 5.0% ethanol (Baysal et al. 2000) , 10.0% vegetable oil (Vasapollo et al. 2004) , 5.0% olive oil + 5.0% ethanol (Shi et al. 2009a ) and 14.0% ethanol (Kassama et al. 2008) . It is believed that the use of vegetable oil (for example hazelnut oil) contributes to solubility of lycopene in solvent (Ciurlia et al. 2009 ). Furthermore, it was reported that there is a synergic effect between concentration of modifier and extraction temperature while it does exist between pressure and modifier concentration (Kassama et al. 2008) ; however, there are researchers reporting that the use of a modifier like ethanol, water, and olive oil increases lycopene yield independently from variations in temperature and pressure (Shi et al. 2009a) . Nobre et al. (2009) reported that extraction temperatures higher than 60°C may cause lycopene isomerization while this value was determined by Yi et al. (2009) as 70°C and by Vagi et al. (2007) as 80°C. Pilot or laboratorial size SFE equipments were used in the studies in general.
Isomerization
Conclusions
Determining optimum parameters for SFE applications and in addition, learning effects of these parameters on the process are important for the studies to be conducted for specifying methods and parameters for industrial size processes and for examining lycopene level of tomato and tomato products/by-products and for bio-efficacy of lycopene to be obtained from these parameters. These parameters should be reviewed as pre-and post-extraction.
Operations like drying, grinding, and sieving to be completed before the extraction can raise lycopene content significantly. Furthermore, drying samples or tomato materials in preparation stage for the extraction caused a decrease in trans-lycopene content of the obtained extract. Also extracting samples with low moisture content allows achieving higher yields in trans-lycopene recovery from industrial tomato waste compared with those with higher moisture content. There are many studies reporting that the use of a co-solvent or modifier, in addition to SC-CO2 solvent, in SFE application increases extractable lycopene content and yield of the process (Shi et al. 2009a , Ciurlia et al. 2009 , Kassama et al. 2008 , Baysal et al. 2000 , Vasapollo et al. 2004 while there are other studies reporting that if optimum process parameters are employed, highly pure lycopene may be obtained without using a modifier or co-solvent (Topal et al. 2006) . Essential critical parameters were reported as temperature and pressure in lycopene recovery through SFE application by using SC-CO2; however, flow rate of SC-CO2 and extraction time were emphasized in some studies. Effect of the SC-CO2 flow rate on efficiency is not clear. Although some researchers reported that flow rate of SC-CO2 has not a significant effect on efficiency increase, there are other researchers reporting that flow rate increases efficiency along with other extraction factors.
Extraction time in SFE applications is shorter compared with that of solid-liquid extraction applications. Also, the interaction between extraction time and pressure during SFE has an effect on antioxidant activity. Data were obtained indicating that flow rate of SC-CO2, extraction pressure and extraction temperature below 70°C have no effect on the recovered lycopene's antioxidant activity degree. The lycopene having the largest capacity with respect to antioxidant activity, removing free radicals, and quenching singlet oxygen, was produced through applying 40°C as extraction temperature. Isomerization is another significant quality parameter in addition to antioxidant activity relating to characteristic of lycopene. In any case, extraction under low pressure and temperature can inhibit trans-cis isomerization and also, the products should be protected against heat and O2. Furthermore, process preferences aiming an increase in lycopene yield should not cause an increase in trans-cis isomerization.Also solubility of lycopene in SC-CO2 has a significant role in efficiency of extraction. Solubility rises depending on both of pressure and temperature. Optimum temperature seems as 60-70 °C while significant thermal degradation may be observed at 80°C. The solubility of lycopene in SC-CO2 is at higher levels at low temperatures.
In brief, lycopene extraction from tomato, its products and by-products through SFE method by using SC-CO2 with efficiency degree of 100% should not be targeted due to degradation of the product. The factors affecting lycopene yield are matrix type, particle size, lycopene content, flow rate of SC-CO2, type and ratio of co-solvent/modifier, and pressure and temperature of the extraction
